Outer membrane protein I (OprI) is one of the major proteins of the outer membrane of Pseudomonas aeruginosa. The protective effect of OprI vaccination and that of three OprI-specific monoclonal antibodies (MAbs) against infection with P. aeruginosa were tested in immunosuppressed mice. (LD50) for cyclophosphamide-treated mice is as low as 20 living P. aeruginosa cells. We have used this model previously to prove that our OprI-specific monoclonal antibody (MAb) 2A1 provides a significant yet rather low degree of protection against P. aeruginosa infection (17). With this model, we are now able to show that preimmunization with recombinant OprI in combination with the application of an OprI-specific MAb can be very effective to prevent potentially lethal P. aeruginosa infections in immunosuppressed individuals. In addition, we provide evidence that our MAbs bind to different epitopes of the OprI molecule and that the epitope which is recognized by MAb 2A1 (amino acids [aa] 7 to 20) seems to be the most important for protection.
Pseudomonas aeruginosa bacteremia is a frequent cause of gram-negative sepsis in the neutropenic subject (22) . The two major antigenic cell envelope components of P. aeruginosa are the lipopolysaccharides and the outer membrane proteins (OPRs) (8, 15, 16) . We have been interested in the potential of P. aeruginosa OPRs as an immunoprophylactic tool because OPRs are antigenically cross-reactive among all 17 known serogroups of the International Antigenic Typing Scheme (14, 16, 21) . We have cloned the genes coding for OprF and OprI of P. aeruginosa (4, 5) and have used OprI expressed in Escherichia coli for a successful vaccination of immunocompetent mice (6) . The disadvantage of the immunocompetent mouse model is, however, that the state of neutropenia and the reduction of the antibody synthesizing capacity, which are both critical parameters for the multiplication of P. aeruginosa in immunosuppressed hosts, are not simulated. As an alternative, Cryz et al. (3) have described a leukopenic mouse model in which the 50% lethal dose (LD50) for cyclophosphamide-treated mice is as low as 20 living P. aeruginosa cells. We have used this model previously to prove that our OprI-specific monoclonal antibody (MAb) 2A1 provides a significant yet rather low degree of protection against P. aeruginosa infection (17) . With this model, we are now able to show that preimmunization with recombinant OprI in combination with the application of an OprI-specific MAb can be very effective to prevent potentially lethal P. aeruginosa infections in immunosuppressed individuals. In addition, we provide evidence that our MAbs bind to different epitopes of the OprI molecule and that the epitope which is recognized by MAb 2A1 (amino acids [aa] 7 to 20) seems to be the most important for protection.
MATERIALS AND METHODS
Preparation of recombinant OprI. OprI was purified from transformed E. coli K-12 JE5513 (4) by the method of Inouye et al. (9) with slight modifications as described recently (6 SDS-polyacrylamide gel electrophoresis and Western blotting (immunoblotting) of OprI fusion proteins. Sodium dodecyl sulfate (SDS)-polyacrylamide (15%) slab gel electrophoresis and Western blotting were performed as described previously (11, 12, 20) . OprI fragments were incubated with the OprI-specific MAbs 2A1, 6A4, and 5B4. Binding was visualized as described recently (21) .
MAbs. The induction preparation, and purification of the mouse MAb designated 2A1 (immunoglobulin [Ig]G2b), 6A4 (IgG2a), and 5B4 (IgG2a) have been described (14, 17) .
Enzyme-linked immunosorbent assay. Polyclonal antibodies and MAbs against P. aeruginosa were measured by an enzyme-linked immunosorbent assay as described in detail in a previous paper (6) .
Bacterial strains and growth conditions. P. aeruginosa International Antigenic Typing Scheme serogroup 6 (ATCC 33353) was obtained from A. Bauernfeind, Max von Pettenkofer-Institut, University of Munich, Munich, Federal Republic of Germany. Bacteria were grown and adjusted to the required concentration as described previously (6) . For the expression of recombinant proteins, E. coli K-12 W3110 lacIQ L8 (1) was used.
Immunosuppression. For immunosuppression, the leukopenic mouse model described by Cryz et al. (3) 12 weeks old) were divided into five groups (A through E). The animals of groups B to E were immunized intraperitoneally on days 0, 7, and 21 with 50 ,ug of recombinant OprI (1 mg/ml) suspended in an equal volume of 1.5% AI(OH)3. The animals were bled from the tail vein on day 26 for serum collection to determine antibody titers in individual mice. One day later, all animals (A through E) received immunosuppression as described above (days 27, 29, and 31).
On day 30, the animals of groups B, C, and D received intraperitoneally 2 mg of MAbs 2A1, 6A4, and 5B4, respectively; in groups A and E, the animals were injected with PBS. On days 31, 32, 33, and 34, all mice received 2 mg of azlocillin intraperitoneally (Securopen; Bayer, Leverkusen, Federal Republic of Germany) twice a day. On day 31, each group (A through E) was randomized into three subgroups (I, II, and III) containing 20 animals per subgroup. The mice of groups B to E received subcutaneously either 1 x 103 (subgroup I), 5 x 103 (subgroup II), or 5 x 104 (subgroup III) CFU of P. aeruginosa serogroup 6. The controls (group A) received 100 (subgroup I) or 103 (subgroup II) CFU. Ten noninfected mice of the subgroup AIII were used to control the leukocyte counts on days 33 and 34 to confirm a state of leukopenia. The other 10 animals of this subgroup served as controls to exclude nonspecific infection. The survival of all animals was monitored for 10 days after infection.
(ii) Protective effect of immunization with MAb alone compared with immunization with MAb plus OprI. In this experiment, groups of BALB/c mice were immunized with either OprI (group G) or injected with Al(OH)3 only (groups F and H) and immunosuppressed as described above. On day 30, mice of groups G and H received 2 mg of MAb 2A1 intraperitoneally. Subgroups I, II, and III of the groups F and G were challenged as described above on day 31 with either 1.6 x 102 (I), 8 x 103 (II), or 8 x 104 (III) CFU of P. aeruginosa serogroup 6.
Statistics. Survival curves were compared by the logit regression model (7) . The LD50 values were calculated by probit analysis (7).
RESULTS AND DISCUSSION In both experiments described above, immunization of mice with OprI induced comparable antibody titers against P. aeruginosa serogroup 6 in the sera of individual mice as measured by an enzyme-linked immunosorbent assay. In experiments (i) and (ii) described above, median antibody titers of 18% (Q1IQ3: 12/29.5) (n = 240) and 18% (Q1IQ3: 13/24) (n = 60), respectively, compared with the polyclonal standard serum against OPRs, were measured (Ql and Q3 represent the upper and lower quartiles). Compared with nonimmunized controls, OprI immunization before immunosuppression provided significant protection (P c 0.001) and increased considerably the resistance of the animals against infection with P. aeruginosa serogroup 6, i.e., towards a 36-fold LD50 (Table 1 , group E). Previous control experiments exclude the possibility that the contaminating lipopolysaccharide from E. coli contributes significantly to the observed protection (data not shown). Additional treatment with MAb 2A1, but not with MAb 6A4 or 5B4, induced a statistically significant increase of the survival rate (P < 0.05) in comparison with the group immunized only with OprI. The protection provided by MAb 2A1 alone was found to be significant concerning survival time as analyzed by a proportional hazard model (2) (P = 0.019) but not significant as analyzed by use of a logit regression model (P = 0.0566). The results (Table 1) show that, in spite of the fact that the polyclonal antibodies induced by OprI as well as MAb 2A1 These results show that the effect of OprI immunization can be significantly increased by MAbs but that this effect is more or less restricted to MAb 2A1 because application of even larger amounts of MAb 6A4 (4 mg) did not induce a higher rate of protection (data not shown). To investigate whether these different observed rates of additional protection can be explained by the fact that the MAbs are directed against different epitopes or whether the protective ability of the MAbs is a distinct feature of the MAb itself like the IgG subclass, epitope mapping was performed. Recombinant fusion proteins were prepared, representing overlapping parts of the OprI sequence. These fusion proteins were analyzed in Western blot (20) experiments with MAbs 6A4, 5B4, and 2A1 (Fig. 1) . Because three MAbs reacted with the fusion proteins derived from pPIX1 and pPI13, it was evident that the MAbs did not react with the N-terminal part of OprI including the lipid moiety nor with the C-terminal five amino acids. MAbs 6A4 and 5B4 reacted with fusion proteins encoded by pPIX1, pPI12, and pPI13, indicating that both of them were directed against an epitope located in the central part of the OprI protein (aa 21 to 57). MAb 2A1, however, showed a reaction only with the fusion proteins from pPIX1 and pPI13, not with the fusion protein encoded by pPI12. Obviously 
